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(57) ABSTRACT

A wireless terminal is capable of receiving a pilot signal from
a base station; and determining a precoding matrix as a linear
combination of two matrices V, and V, based on the received
pilot signal. In one implementation, the two matrices V, and
V, are sub-matrices of a matrix U of a codebook, the linear

combination is w:=(V,+aV,)/V 1+lal* and a is one of a real-
valued number and a complex-valued number. The wireless
terminal is also capable of transmitting a representation of at
least a portion of the precoding matrix to the base station.

20 Claims, 9 Drawing Sheets

(«=]0.9)

(@=j0.6)

(a=0.9)

2

2 ()

(@=-09)| (0=08) / h(a: 058)




US 9,401,749 B2

Page 2
(56) References Cited 2010/0172430 Al* 7/2010 Melzeretal. ................. 375/267
2011/0274003 Al* 11/2011 Pareetal. ... ... 370/252
U.S. PATENT DOCUMENTS 2012/0087401 Al* 4/2012 Bhattad et al. ... .. 375/224
2012/0202555 Al* 8/2012 Bergmanetal. ............. 455/522
8,179,775 B2 5/2012 Chen et al. 2013/0010880 Al 1/2013 Koivisto et al.
8,204,151 B2 6/2012 Kim et al. 2013/0028344 Al 1/2013 Chen et al.
8.229.012 B2 7/2012 Khojastepour 2013/0308714 Al* 11/2013 Xuetal. ..coooveveierrnrnnn 375/267
8.306.146 B2  11/2012 Heath, I, et al. 2015/0155923 Al*  6/2015 Tongetal ....oooo..... 370/329
8,314,654 B2  11/2012 Outaleb et al.
8,325,839 B2  12/2012 Rc?nsburg et al. OTHER PUBLICATIONS
g’g%?’igi E% }%gg}% id;gl;ltaai:'t al. International Search Report and Written Opinion issued by the Euro-
8:33 1 :489 B2  12/2012 Clerckx et al. pean Patent Office dated Apr. 9, 2014, for related International Appli-
8,340,961 B2  12/2012 Lin et al. cation No. PCT/US2014/014759; 12 pages.
8,346,193 B2 1/2013 Khojastepour et al.
2003/0236099 Al  12/2003 Deisher et al. * cited by examiner



US 9,401,749 B2

Sheet 1 of 9

Jul. 26, 2016

U.S. Patent

00}

H37104INOD

0%/



US 9,401,749 B2

Sheet 2 of 9

Jul. 26, 2016

U.S. Patent

0l

¢ DIA

AHON3IN

d3asn

JOV4H3INI

092

042

4371041INOD

022

o/nolany

AV1dSId

082

0r2

HIANIFOSNWVAHL

062

002
m%N



US 9,401,749 B2

Sheet 3 of 9

Jul. 26, 2016

U.S. Patent

¢ 'DId

JOV4YILNI MHOMLAN JOV4Y3LNI 3DIA3A O/ HINIFOSNVYHL
A 098 A 068 A 088
Y Y Y
A A A A
048
y
y y
AHOWIW YITIONLINOD
. -
- 028 018

0¢}

vam



U.S. Patent Jul. 26, 2016 Sheet 4 of 9 US 9,401,749 B2

45°

212
(b)

140
42
(

45°

430

‘/345
s
45°
FIG. 4

S

o)

V.
[ Y I ] A

[

[

®

[

[ [72]
=
=
-

e e o0 (@)
A Q
=z
~
= ©
-c |
E,_. F3 B ) VV
v
€ >

M
ELEMENTS



US 9,401,749 B2

Sheet 5 of 9

Jul. 26, 2016

U.S. Patent

¢ 'DId

HIAIFOSNVHL

H3AIZOSNVHL

HIAIFOSNVYHL

* 0)'s 099

zél ZEEX zgl ZEX

S
R
w

HIAIFOSNVYHL

018

0rS
099
i _aF ‘e



US 9,401,749 B2

Sheet 6 of 9

Jul. 26, 2016

U.S. Patent

(9)

(60 [ =n)

9 DIA

(6:0=0)

(6'0[=n)

+o (80
(0=n) (8:0-=n)



US 9,401,749 B2

Sheet 7 of 9

Jul. 26, 2016

U.S. Patent

(zH/s/g) 3Lvd NNS



US 9,401,749 B2

Sheet 8 of 9

Jul. 26, 2016

U.S. Patent

(zH/s/9)
J1VH NS



U.S. Patent Jul. 26, 2016 Sheet 9 of 9 US 9,401,749 B2

910

START
920~

RECEIVE PILOT SIGNAL

930~ ¢
DETERMINE PRECODING
MATRIX ASA LINEAR
COMBINATION
V= (Vita-Vo)N 1+1a1?

940~ Y

TRANSMIT A
REPRESENTATION OF A
PORTION OF TO THE BASE
STATION

950
b

FIG. 9




US 9,401,749 B2

1
METHOD FOR CODEBOOK ENHANCEMENT
FOR MULTI-USER MULTIPLE-INPUT
MULTIPLE-OUTPUT SYSTEMS

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims priority to U.S. Provisional
Patent Application 61/775,333, filed Mar. 8, 2013, the
entirety of which is incorporated herein by reference.

TECHNICAL FIELD

The present disclosure is directed to a method and appara-
tus for channel feedback in a wireless system with antenna
arrays. More particularly, the present disclosure is directed to
feedback from a wireless terminal to a base station.

BACKGROUND

A Multi-Input Multi-Output (MIMO) communication sys-
tem uses a plurality of channels in a spatial area. Antenna
arrays that have multiple transmission antennas can increase
the capacity of data transmission through MIMO transmis-
sion schemes.

Two types of MIMO transmission schemes can be
employed. Single-user MIMO (SU-MIMO) involves trans-
mitting at least one data stream to a single user over a time
frequency resource. Multi-user MIMO (MU-MIMO)
involves transmitting at least one data stream per user to at
least two co-scheduled users over a single, i.e., same time
frequency, resource.

In a MIMO communication system, base stations and
mobile stations use codebooks to enable channel state infor-
mation feedback. The codebooks may additionally be used
for precoding the information streams at the transmitter. Ele-
ments of a codebook are stored in both base stations and in
mobile stations, and can be used to quantize the spatial chan-
nel state information for feedback. Each codebook element is
a vector or a matrix, depending on the dimension of the
channel matrix and the number of data streams supported.
When communicating with a base station, the mobile station
receives a Channel State Information Reference Signal (CSI-
RS) from the base station and, using the CSI-RS, determines
the state of the channel (generally referred to as Channel State
Information (CSI)) between it and the base station and, based
on the channel state, selects a vector or a matrix from the
codebook. The mobile station then “recommends” the
selected vector or matrix to the base station as part of overall
CSI feedback. The base station may then use the recom-
mended vector for beamforming or, more generally, the rec-
ommended matrix for precoding data streams prior to trans-
mission via multiple antennas. Precoding is a technique that is
used to weight multiple data streams transmitted from an
antenna array in order to maximize the throughput of the link.

Typically, MIMO systems support a maximum of eight
CSI-RS ports. However, some base station antenna arrays
may employ more than eight antenna elements, which
exceeds the number of CSI-RS antenna ports available. Fur-
thermore, large antenna arrays may require additional CSI,
including precoding vector or matrix recommendations, from
connected mobile stations.

DRAWINGS

While the appended claims set forth the features of the
present techniques with particularity, these techniques may
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be best understood from the following detailed description
taken in conjunction with the accompanying drawings of
which:

FIG. 1 is a block diagram of a system in which various
embodiments may be employed;

FIG. 2 is a block diagram of a UE according to an embodi-
ment;

FIG. 3 is a block diagram of an eNB according to an
embodiment;

FIG. 4 is a block diagram of antenna arrays at a base station
according to possible embodiments;

FIG. 5 is an block diagram of beamforming performed by
a base station in an embodiment;

FIG. 6 illustrates various embodiments of finite codebooks
for quantized feedback of a;

FIGS. 7 and 8 depict test results according to an embodi-
ment; and

FIG. 9 is a flowchart illustrating the operation of a wireless
communication device according to an embodiment.

DESCRIPTION

FIG. 1 is a block diagram of a system 100 according to an
embodiment. The system 100 can include a User Equipment
(UE) 110, a base station such as an enhanced Node B (“eNB”)
120, a network 130, and a network controller 140. The UE
110 may be a wireless terminal. For example, the UE 110 can
be a wireless communication device, a wireless telephone, a
cellular telephone, a personal digital assistant, a pager, a
personal computer, a selective call receiver, a tablet computer,
or any other device that is provided with the capability of
sending and receiving communication signals on a network
such as a wireless network. Other possible embodiments of
the UE 110 include a camera, an automotive product, ahouse-
hold product, a television, and a radio. Possible embodiments
of'the eNB 120 include a cellular base station, an access point
(AP), access terminal (AT), relay node, home eNB, pico eNB,
femto eNB, Transmission Point (TP), or other device that
provides access between a wireless communication device
and a network. The UE 110 and the eNB 120 communicate
with one another using one or more well-known communi-
cation techniques, such as radio-frequency cellular signals.

The network 130 may be any type of network that is
capable of sending and receiving signals, such as wireless
signals. For example, the network 130 may be a wireless
communication network, a cellular telephone network, a
Time Division Multiple Access (TDMA)-based network, a
Code Division Multiple Access (CDMA)-based network, an
Orthogonal Frequency Division Multiple Access (OFDMA)-
based network, a Long Term Evolution (LTE) network, a 3rd
Generation Partnership Project (3GPP)-based network, or a
satellite communications network. Furthermore, the network
130 may include more than one network, including multiple
types of networks. For example, the network 130 may include
multiple data networks, multiple telecommunications net-
works, or a combination of data and telecommunications
networks. The network controller 140 is connected to the
network 130. The network controller 140 may be located at a
base station, at a radio network controller, or anywhere else
on the network 130.

FIG. 2 is an example block diagram of the UE 110 accord-
ing to an embodiment. The UE 110 can include a housing 210,
a controller 220 coupled to the housing 210, audio input and
output circuitry 230 coupled to the housing 210, a display 240
coupled to the housing 210, a transceiver 250 coupled to the
housing 210, a user interface 260 coupled to the housing 210,
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a memory 270 coupled to the housing 210, and multiple
antennas 280 coupled to the housing 210 and the transceiver
250.

The display 240 can be a liquid crystal display (LCD), a
light emitting diode (LED) display, a plasma display, a pro-
jection display, a touch screen, or any other device for dis-
playing information. The transceiver 250 may include a trans-
mitter and/or a receiver. The audio input and output circuitry
230 can include a microphone, a speaker, a transducer, or any
other audio input and output circuitry. The user interface 260
can include a keypad, buttons, a touch pad, a joystick, a touch
screen display, another additional display, or any other device
useful for providing an interface between a user and an elec-
tronic device. The memory 270 can include a random access
memory, a read only memory, an optical memory, a sub-
scriber identity module memory, or any other memory that
can be coupled to a wireless communication device. The UE
110 can perform the methods described in all the embodi-
ments. The transceiver 250 creates a data connection with the
eNB 120 (FIG. 1). The controller 210 may be any program-
mable processor.

FIG. 3 is a block diagram of the eNB 120 (FIG. 1), accord-
ing to an embodiment. The eNB 120 includes a controller
310, a memory 320, a database interface 330, a transceiver
340, antenna array 345, Input/Output (I/O) device interface
350, a network interface 360, and a bus 370. The eNB 120
may implement any operating system, such as Microsoft
Windows®, UNIX, or LINUX, for example.

The transceiver 340 creates a data connection with the UE
110 (FIG. 1). The controller 310 may be any programmable
processor. The embodiments disclosed herein may also be
implemented on a general-purpose or a special purpose com-
puter, a programmed microprocessor or Mmicroprocessor,
peripheral integrated circuit elements, an application-specific
integrated circuit or other integrated circuits, hardware/elec-
tronic logic circuits, such as a discrete element circuit, a
programmable logic device, such as a programmable logic
array, field programmable gate-array, or the like. In general,
the controller 310 may be any controller or processor device
or devices capable of operating a base station and implement-
ing the disclosed embodiments.

According to a possible implementation, the memory 320
includes volatile and nonvolatile data storage. Examples
include electrical, magnetic, or optical memories, Random
Access Memory (RAM), cache, and hard drives. Data may be
stored in the memory 320 or in a separate database. For
example, the database interface 330 may be used by the
controller 310 to access the database. The database may con-
tain any formatting data to connect the UE 110 to the network
130.

According to a possible implementation, the /O device
interface 350 is connected to one or more input and output
devices that may include akeyboard, a mouse, a touch screen,
a monitor, a microphone, a voice-recognition device, a
speaker, a printer, a disk drive, or any other device or combi-
nation of devices that accept input and/or provide output. The
1/0 device interface 350 may receive a data task or connection
criteria from a network administrator. The network interface
360 may be connected to a communication device, modem,
network interface card, a transceiver, or any other device
capable of transmitting and receiving signals to and from the
network 130. The components of the eNB 120 are connected
via the bus 270, are linked wirelessly, or are otherwise con-
nected.

FIG. 4 is a block diagram of the antenna array 345 (FIG. 2)
according to an embodiment. In this embodiment, the antenna
array 345 is a transmit (Tx) antenna grid of MxN antennas
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410, and includes M dipoles and N (N>1) columns of M
dipole elements arranged as N columns of M elements each.
Antennas other than dipoles may also be used. Alternatively,
the antenna array 345 can include (M/2) cross-pole antenna
pairs arranged as N columns of (M/2) cross-pole antenna
pairs. Vertical inter-element separation is denoted by d,,
where d,€{0.5)\,4\} and horizontal inter-element separation
is denoted by d,,, where d,€{0.51,4\}, and where A is the
wavelength applicable to the center frequency of the LTE
carrier or carrier frequency of the transmitted signal. In an
alternative embodiment, the antenna array 345 is a closely-
spaced 4 Tx antenna array having two pairs of cross-polarized
antennas 430 separated by 0.5A. In a further embodiment,
antenna array 345 is a widely-spaced 4 Tx antenna array
having two pairs of cross-polarized antennas 450 separated
by 4h.

The eNB 120 (FIG. 1) can estimate an Angle of Departure
(AoD) of a Tx signal and/or a UE 110 coarse location with
respect to the antenna array 345 (FIG. 2) based on an uplink
Sounding Reference Signal (SRS) transmission or more gen-
erally, any uplink transmissions from the UE 110 (FIG. 1), by
leveraging uplink channel response reciprocity (in Time Divi-
sion Duplex (TDD) systems) or multipath direction of arrival
reciprocity (in Frequency Division Duplex (FDD)) systems).
The antenna array 345 can be calibrated with respect to AoD,
which allows beamsteering in the direction of the UE 110.

FIG. 5 is a block diagram that illustrates the signal process-
ing that the eNB 120 (FIG. 1) carries out when communicat-
ing with the UE 110 (FIG. 1) according to an embodiment. A
data stream 560, which is a spatial layer that includes a
sequence of modulation symbols, is first multiplied in multi-
pliers 540 by complex-valued weighting factors. The result-
ing baseband signals, one for each antenna 530 of the antenna
array 345 (FIG. 3) are provided to transceivers 510, which
convert the baseband signals to a carrier frequency.

The transceivers 510 may also apply filtering and addi-
tional processing to the signal. The transceiver output is then
passed to power amplifiers (PA) 520, which increase the
signal’s power. The output of the PAs 520 is then fed to the
antennas 530. The phase and amplitude of the signals in each
antenna 530 can be therefore be controlled so as to obtain a
constructive signal pattern at the UE 110 (FIG. 1). The beams
or transmit radiation patterns can be adjusted in the horizontal
and the vertical direction by changing the weighting factors
550. Transmission-power adjustment or deployment of
beams for transmitting and receiving signals can be used to
meet channel requirements. Beamforming can help to cope
with multipath situations and can overcome extra attenuation
by providing extra power concentration. Beamforming can
also be used to reduce interference to adjacent cells or co-
scheduled UEs within a cell or coordinating cluster of cells in
case of MU-MIMO.

The method of beamforming illustrated in FIG. 5 is only an
example of how to implement beamforming of a data stream
560. Alternatively, the weighting factors may be applied after
the signal has been translated to the carrier frequency either
immediately after the transceiver or after the PA or may be
divided in to multiple weighting factors applied at different
locations in the transmit chain, e.g., a weighting factor
applied in baseband and a weighting factor applied after the
transceiver.

Precoding is a part of 3GPP Release 8 and Release 10.
According to 3GPP Release 8 and Release 10, the precoder
takes as input a block of vectors x()=[x“() . . . x" V@)%,
i=0, 1, ..., M,,,,,/* -1 from the layer mapping and gener-

symb

ates a block of vectors yi)=[ . .. y@G) ... 1%, i=0, 1, .. .,
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M,,,,,*~1 to be mapped onto resources on each of the
antenna ports, where y#(i) represents the signal for antenna
port p.

Precoding for spatial multiplexing is defined by

Yo Oy
=W()

¥ D)

where the precoding matrix W(i) is of size Pxuv and
i=0, 1, ..., M,,,%-1, M., ""=M,,,.,/**".

For spatial multiplexing, the values of W(i) can be selected
among the precoder elements in the codebook configured in
the eNodeB and the UE. The eNodeB can further confine the
precoder selection in the UE to a subset of the elements in the
codebook using codebook subset restrictions.

symb

10

15

6
TABLE 1-continued

Codebook for transmission on antenna ports {0, 1}

Codebook Number of layers v
index 1 2
3 1 —

f[—lj}

For transmission on four antenna ports, pe{0,1,2,3}, the
precoding matrix W can be selected from Table 2 or a subset
thereof. The quantity W, ¥ denotes the matrix defined by the
columns given by the set {s} from the expression W, =I-
2u,u,”/u,Fu,, where I is the 4x4 identity matrix and the vector
u,, is given by Table 2.

TABLE 2

Codebook for transmission on antenna ports{0, 1, 2, 3}

Codebook Number of layers v
index u, 1 2 3 4
0 uo— 1- Wollh WA wlHa3 w1234
1 1—_]1_] w i w27 w8143y (1234))p
2 uz— 11 11]T w1 wLl2hyT W 23hyT g, 3214h
3 uy=[1j1-]7 wL it w2 w3 gy 3214
4 uy=[1(-1-)NZ - (1-J)w/2 w,i W, AT w3y 1234
5 us=[1(1-PNZj(-1-VIIT Wit willays wlizyz  w,ii24)
6 ug=[l(l+)N2-j(- 1+J)/w/2 Wit W AT w3 w1324l
7 uy= 1( 1+J)/w/2](1+J)/w/2 wo b W AT w33 gy 1324
8  ug=[1-111]7 Welll  Wll2Iy7 w2443 w l1234))p
9 uy= 1-1-1 7 Wollh W AT W l13lA3 w1234y
10 u,=[l 11-1]T Wittt W BT W U233 g 13245
1 u,=[j-1j w, i w, {13}/\/2 AR wu‘m‘”/z
12 up=[l-1-11)7 WLttt w, “2*/w/2w L2143y, 11234
13 up=[1-11-1}7 AR w13“3*/w/7 w13“23*/w/§ w13“324*/2
14 uy=[11-1-137 w it wBINT w23 w1204
15 us=[1111]7 Wittt wiIPINT w2 w23

Release 8 precoding for two antenna ports (2 Tx) and four
antenna ports (4 Tx) can be of the form as below.

For transmission on two antenna ports, pe{0,1}, the pre-
coding matrix W(i) can be selected from Table 1 or a subset
thereof. For the closed-loop spatial multiplexing transmis-
sion mode, the codebook index 0 is not used when the number
layers is v=2.

TABLE 1

Codebook for transmission on antenna ports {0, 1}

Codebook Number of layers v
index 1 2
0 1 [1} 1 [1 0}
=l Vzlo
1 1 [ 1 } 1 [1 1 }
vzl Tl
2 1 [1} 1 [1 1]
Vo li vali =i

45

50

55

60

65

In Release 10 precoding for eight Tx antenna ports, each
Precoding Matrix Indicator (PMI) value corresponds to a pair
of'codebook indices given in Table 3-1,3-2, 3-3,3-4,3-5, 3-6,
3-7, or 3-8, where the quantities ¢,, and v, are given by

¢, ="

vm:[lej2nm/32ej4nm/32e/'6m:m/32] T

as follows: For 8 antenna ports {15,16,17,18,19,20,21,22} a
first PMI value of n,e{0,1, . . ., f{u)-1} and a second PMI
value of n,e{0,1, . . ., g(v)-1}corresponds to the codebook
indices n; and n, given in Table 3-j with v equal to the
associated rank indication (RI) value and where j=uv,
f(0)={16,16,4,4,4,4,4,1} and g(v)~{16,16,16,8,1,1,1,1}.

TABLE 3-1

Codebook for 1-layer CSI reporting using antenna ports 15 to 22.

i

1 1 1 1
0-15 Wzil,o( ) Wzil,l( ) w2i1,2( ) Wzil,s( )
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TABLE 3-1-continued TABLE 3-3-continued

Codebook for 1-layer CSI reporting using antenna ports 15 to 22. Codebook for 3-layer CSI reporting using antenna ports 15 to 22.

. i
iy 5
i 6 7 8
i 4 5 6 7 >
5 3 5 3
0-3 W8i1+2,8i1+10,8i1+10( ) W8i1+10,8i1+2,8i1+2( ) w8i1+478i1+478i1+12
1 1 1 1
0-15 W2i1+1,o( ) W2i1+1,1( ) W2i1+1g( ) W2i1+1,3( ) i
] 10
12 i 9 10 11
. (€] X 3 X 3
i 8 9 10 11 0-3 Weipii2,8i44,8i+12 W8i1+4,8i1+12,8i1+12( ) W8i1+12,8i1+4,8i1+4( )
1 1 1 1 b
0-15 W2i1+2,o( ) W2i1+2,1( ) W2i1+2g( ) W2i1+2,3( ) 15
i 12 13 14
i
0-3 W8i1+5,8i1+s,8i1+14(3) W8i1+14,8i1+5,8i1+14(3) W8i1+5,8i1+14,8i1+14(3)
i 12 13 14 15 -
b
1 1 1 1 i 15
015 Woao®  Woguau® Waao® Waya 20
i 3
0-3 W8i1+14,8i1+6,8i1+5( )
1 Vim
where Wﬁ)n = —[ } 1 Vim Vot v,
, (3) m m
v, where W/ = —
V8 Lonvm mat VoA [V =V =V
25 5 1 [Vm Ve Y
W m? = ——
b V24 LV Ve =V
TABLE 3-2
Codebook for 2-layer CSI reporting using antenna ports 15 to 22.
- 30 TABLE 3-4
i 0 1 5 3 Codebook for 4-layer CSI reporting using antenna ports 15 to 22.
2 2 2 2 i
0-15 Wzil,zil,o( ) Wzil,zil,l( ) w2i1+1,2i1+1,0( ) W2i1+1,2i1+1,1( ) 2
. i 0 1 2 3
) 35
i 4 5 6 7 0-3 W8i1,8i1+8,o(4) W8i1,8i1+8,1(4) W8i1+2,8i1+1o,o(4) W8i1+2,8i1+1o,1(4)
i
0-15 W2i1+2,2i1+2,0(2) W2i1+2,zi1+2,1(2) w2i1+3,2i1+1,0(2) W2i1+3,2i1+1,1(2) 2
. i 4 5 6 7
) 40
4 4 4 4
i g 9 10 1 0-3 W8i1+4,8i1+12,o( ) W8i1+4,8i1+12,1( ) W8i1+5,8i1+14,o( ) W8i1+5,8i1+14,1( )
2 2 2 2
0-15  Wai2i010”  Warznea®  Wainizni20? Wainianezn® where W&, = ! Vi Vol Vi V!
TR 32 L0V PVl —PnVm —PnVe
i i
45
12 13 14 15
2 2 > 2 TABLE 3-5
0-15 W2i1,2i1+3,o( ) W2i1,2i1+3,1( ) w2i1+1,2i1+3,0( ) W2i1+1,2i1+3,1( )
| Codebook for 5-layer CSI reporting using antenna ports 15 to 22.
v,
where W = —[ " } 50 )
’ \/g “nVm 1
i 0
0-3 1 [va, Va, Va Vo Vo
) _ i i 2i1+8 2ip+8 2i +16
TABLE 3-3 R V40 | V2ip —Vaip Vaiprs —V2ip48 V2ip+le
55
Codebook for 3-layer CSI reporting using antenna ports 15 to 22.
i
TABLE 3-6
i 0 1 2
60 Codebook for 6-layer CSI reporting using antenna ports 15 to 22.
3 3 5
0-3 W8i1,8i1,8i1+8( ) W8i1+8,8i1,8i1+8( ) W8i1,8i1+8,8i1+8(3) )
ip i 0
iy 3 4 5 0-3 ©) 1 Vaip o Vaip o V2ip+8  V2ip+8  V2ip+16  V2ij+16
A [©] (3) 3) 65 b VA48 [ V2ip —Vaip Vaip+8  ~V2ip+8 V2ip+16  ~V2ij+16
0-3 Wi i+8.8i1.871 Waip42,8i42,811+10 Wai1+10,81+2,811+ 10
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TABLE 3-7

Codebook for 7-layer CST reporting using antenna ports 15 to 22.

i

i 0
0-3 (7
W' =
1 | Yaip  Vaip  Vaip+s Vaip+s V2ip+16 V2ij 416 V2ij+24
V56 [ V2ip  —Vaip V2ip+8 —V2ip+8 V2ip+16 —V2ij+16  V2ij+24

TABLE 3-8

Codebook for 8-layer CST reporting using antenna ports 15 to 22.

i
i 0

0 WO =

1 V2

8 Voip  TVaip o V2ip+8 TV2ip 48 V2ip+16 TV2ip+16 V2424 TV2ip424

V2ip o V2ip+8 Vaip+8  V2ip+16 V2ip+16 V2ip+24 V2ip424

For a Release 10, 8 Tx codebook, precoding can be repre-
sented as

y=W Wx (Equation 1)

where W, can be a wideband precoder that takes advantage of
the correlation properties of the channel, properties which are
long-term in nature, and W, performs co-phasing on a short-
term basis. Here, x is the vector of modulated symbols and y
is the vector of signal transmitted from each PA. The matrix
W, has the structure

5

where the N/2xr matrix W has columns taken from an over-
sampled Discrete Fourier Transform (DFT) matrix. The 2rxr
co-phasing matrix W, is of the form

(Equation 2)
W, =

= o
R

1 (Equation 3)
W2=[ saetl, -1, j-)) 4
[e4
for rank 1 and
1 0 (Equation 4)
0
W, = aeil, j}
a 0
0 -«
for rank 2.

The present disclosure sets forth 4 Tx codebook enhance-
ments that may be used as further enhancements to the DL-
MIMO Work Item in LTE Release 12 in an embodiment. It
has been proposed that the existing codebooks (Release 8)
based on Householder reflections are sufficient. It has also
been proposed that there is a need to define a dual codebook
structure (similar to the Release 10 8-Tx codebook in prin-
ciple). The Householder reflections-based 4 Tx codebook is
not ideally suited for MU-MIMO scheduling as the limited
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4-bit PMI feedback results in suboptimal Block-Zero Forcing
(ZF) or Zero-Forcing Dirty Paper Coding (ZF-DPC) imple-
mentations at the eNB. This leads to co-scheduled user inter-
ference at the receiver limiting the sum rate.

To illustrate, consider a K-user system with each user
equipped N receive antennas and the base station equipped
with M (<K) Tx antennas. For simplicity, consider the case of
N=1 receive antennas at each user. The received signal vector
at the K users can be written as

y=HUs+v

where H is the KxM channel matrix, U is the MxM precoding
matrix, s is the Mxx1 Tx signal vector and the co-channel
interference plus noise, n, is complex Gaussian, i.e., v~CN
(0,07 I). The sum-rate for this system is

RU):= \ logy| 1 + M Vit
- i I PR
m=1 Gk (m

where h*, is the k-th row of H, u, is the k-th column of U and
k(m) denotes the user selected for the m-th stream. In the
large-SNR regime (o°—0), the ergodic sum-rate can be writ-
ten as

M
ERU) 222 F Z

1B o o

10g2 _MemPkeml (m)
A

— # | k(m)ull

k(m

|hk(m)’4k (m)|

- 1A
|hk(m)| = 1Vt oy o |
M
—ELZ logy(1 - |gz(m)uk(m)|2>}
=1

|hk(m)| — 1 gy *

under the assumption that U is unitary and g*;,,;:=h*,,/
Th* -

If the UEs use a first codebook that allows the eNB to
realize a certain set of absolute values of the inner products
{12% ey Uson/C1 } and there exists a second codebook that
allows the eNB to realize a second set of inner products
{12% ey Uy |Co } such that

|8k #eomlc, > |8kamHeoml

holds with non-zero probability, then the MU-MIMO sum
rate can be increased.

Inan embodiment, codebook enhancement by linear exten-
sion can be used to increase the MU-MIMO sum rate. Sup-
pose that the B-bit rank-L codebook comprising MxL matri-
ces is denoted as C’={U : 1<j<2”} where the columns within
each matrix are mutually orthonormal. If v, and v, are two
distinct columns of some UeC®, the vector formed by the

linear extension w:=(v,+av,)/V 1+lal® is also a unit vector,
where a is a real or complex-valued number.
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A Release 8, 4 Tx codebook has the property that the unit
vectors comprising the C"” codebook are one of the 4 col-
umns of a corresponding matrix in the C* codebook. There-
fore, the codebook enhancement can be viewed as a 2-step
process:

1. The k-th UE can be configured to feed back the best v,
vector using rank-1 feedback (e.g., using an appropriate
codebook subset restriction).

2. Since v, is a column of some matrix UeC™, the UE can
then find a v, (different from v,) which is another dis-
tinct column from U so as to maximize the inner product
[h*,ul where:

u::(v1+0w2)/\/1+ la” (Equation 5)

a. In an embodiment, only [log, M]=2 (M=4) additional
bits are required to feedback
i. the index of v, given that v, has been selected by the
usual rank-1 PMI feedback and
ii. the case when a=0 (or v,=0) is optimal
b. The parameter o can be fixed (in the specification) or can
be quantized to a B' bit codebook and fed back to the
base station.
Multiple-Input Single-Output (MISO) Receiver SNR with
Codebook Linear Extension.
For simplicity, o can be real valued. A MISO receiver at the
UE selects a PMI vector so as to maximize the inner product
lg*,ul, where g;,=h,/Ih,|. Note that

) 1 K2, 20 k2 P
lgiul :mﬂgﬂﬂ +a”|ggval” +2aRe(g;vivrg))-

Futhermore,
ay:=Igy, 12
by=lgH w2

c:=Re(g*v v g/ab

In an embodiment, Oslcl<] and b®<a® the latter by the
virtue of the fact

1
?=--1,
Z

that rank-1 PMI feedback selected v,. By change of variables

f(z):=lg* ul*=a® z+b>(1-z)x2abcV z-7? is derived. The sign
ambiguity comes from a choice for the change of variables. It
is also possible that 12<z=<1 and

(1-2z)
Fo=d-pe 2
Vz—2z2
o= ———s
-2

By selecting a positive solution for o (for a given v,, a
positive solution is used for a (i.e., @>0) when ¢>0; otherwise
choose a negative solution for at), it can be ensured that f(z) is
concave and has a unique maximum.

It can be noted that

f)-®=NTz{-(a®- 0’ WTz=2abeVz).

10

15

20

25

30

35

40

45

50

55

60

65

12
Ifa=b,ie., Ig*,v,|=lg*,v,l, selecting the positive root for .
(again, for a given v,, a positive solution is used for a (i.e.,
a>0) when ¢>0; otherwise choose a negative solution for o)
leads to f{(z)-a>>0 or Ig* ul>lg*,v,I.
For a>b, by selecting

@ -0
4c2a?b?

1 b4

a2 1-z

it is determined that f{z)-a*>0 or Ig* ul>lg* v, |.

As understood from the foregoing, the maximum absolute
value of inner product Ig*,ul can be increased by allowing
linear extensions to the codebook leading to an improvement
in the supported SNR and the reported CQI.

UE Feedback

In an embodiment, a UE can select a best v;, v, and o
jointly such that

(1, v2, @) = awg max_[giuf’
(vy,vp.@)

The range ze(0.5,1] can be sampled (e.g., uniformly
sampled) with B'bits and the corresponding . can be fed back
to the base station along with a 2-bit feedback for v,. Alter-
natively, o can be directly quantized with B' bits and the
corresponding o can be fed back to the base station along with
a 2-bit feedback for v,. With this approach, the PMI feedback
comprises

1. 4-bit PMI to feedback v,

2. 2-bit PMI to feedback v,

3. B' bits to feedback a.

o, v, and/orv, may befed back separately (separate encoding
e.g. mapped to different set of bits in a message) or two or
more of ., v, and v, may be jointly encoded and fed back by
the UE in one CSI (Channel State Information) report. For
example, v, may be fed back as done currently in Releases
8-11 using a 4-bit PMI indicator and (., v,) may be jointly
encoded and fed-back as a X-bit indicator.

The PMI feedback of v,, a, v, may be in the same uplink
subframe or in different uplink subframes. The uplink sub-
frame carrying PMI feedback of v,, a, and/or v,, may also
carry other CSI related information such as Rank Indicator
(RI), Precoding Type Indicator (PTI), and CQI (Channel
Quality Information) conditioned on the selected PMI u. The
CQI may be wideband CQI (e.g., spanning the entire down-
link system bandwidth) or subband CQI (e.g., a set of k
contiguous PRBs (Physical Resource Blocks) where k is a
function of system bandwidth). For example, the 4-bit PMI
indicator for v, may be indicated in a first subframe and the c.,
v, may be indicated in a second uplink subframe, the second
uplink subframe being different than the first uplink sub-
frame. The first uplink subframe may carry other CSI related
information such as a Rank Indicator (RI). The second uplink
subframe may carry other CSI related information such as a
CQL. In another embodiment, the RI and the PTI may be
indicated in a CSI report in a subframe other than the first and
second subframe.

In a second approach, a is fixed (in the specification) and
UE selects best v, and v, such that

(v1, v2) = arg max |g/t’4|2-
(vy,v)
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With this approach, the components of PMI are same as
described above except that feedback for a is absent.

For case of a being fixed, v, can be fed back using a 2-bit
PMI (second PMI) indicator (including a state for the case of
v,=0 or a=0). The PMI feedback of v,, v, may be in the same
uplink subframe or in different uplink subframes. For
example, the 4-bit PMI indicator for v, may be indicated in a
first subframe and the 2-bit PMI indicator v, may be indicated
in a second uplink subframe, the second uplink subframe
being different than the first uplink subframe. The uplink
subframe carrying PMI feedback of v, and/or v,, may also
carry other CSI related information such as Rank Indicator
(RID), Precoding Type Indicator (PTI), and CQI (Channel
Quality Information) conditioned on the selected PMI u. The
CQI may be wideband CQI (e.g., spanning the entire down-
link system bandwidth) or subband CQI (e.g., a set of k
contiguous PRBs (Physical Resource Blocks) where k is a
function of system bandwidth).

For example, the 4-bit PMI indicator for v, may be indi-
cated in a first subframe and the v, may be indicated in a
second uplink subframe, the second uplink subframe being
different than the first uplink subframe. The first uplink sub-
frame may carry other CSIrelated information such as a Rank
Indicator (RI). The second uplink subframe may carry other
CSI related information such as a CQI. In another embodi-
ment, the RI and the PTI may be indicated in a CSI report in
a subframe other than the first and second subframe.

Relation of Linear Extension to W, W, Product Form

The overall precoding matrix can be written down in prod-
uct form as below.

1/\/1 +lo?
wz/\/l +lof?
)]
04/\/1 +lof?

P=[UC, DU, UG, U4
Wy

where only one of a,, a; and o, is equal to a and the
remainder are zeros and where UeC™,

Linear Extension for Rank>1

This approach can be extended to the multiple rank
(rank>1) case by adding more columns to the second matrix
in the product form. Specifically, for rank 2:

P=[U(, D UG, UG, UG, Dlenom @y a2

Wy

1 @32

—-1/2

2
2
3y

where Com = |1 + lar2|? + Z
= =

4
i=2

4
and aj, +Z Q1 0j = 0,
i=2

thus ensuring that the precoder has unit power and the col-
umns of the overall precoder are orthogonal.

In LTE Release 8, for rank 2, a,,=0, a.,,=a;,=0,,=0 and
a,,=1 for only one i>1. For the rank 2 precoding matrices for
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which a,,,=1, linear extension to the rank 2 codebook can be
formed by letting the second matrix take one the following
two alternative forms:

1 0 1 0
0 1
W2 = Crom and W = ¢yom
Q31 0 0 Q32

0 axn

where the c,;’s shown are non-zero. Extending the Release 8
codebook for rank 3 and rank 4 needs further consideration.
General Representation in Product Form
Linear extension can be represented in a general form:

a1
P=[UCG,DUG,2) ... UG, Mcwom|
Wy

where U is a Nxn matrix from a codebook with unit-norm

columns, U(, j) is the j-th columns of U, o, are real-valued

or complex-valued numbers, and v is the number of spatial

layers or rank associated with the precoding matrix P.
Since,

P = Crom| D @ UG, s Z @pUC, ) e D @ U, )
J=1 1 =1
the k-th column of P (k=1, . . ., v) is a linear combination of

distinct columns of U.

Rank-1 Codebook

In an embodiment, the set of precoders are denoted by a set
of 64 vectors v,, i€{0, 1, . . ., 63}, each of length 4. The first
16 precoders of the codebook are given by the 16 Release 8
precoding matrices,

vi=W L, i={0,1,...,15},

where W/, i={0, 1, ..., 15} are defined in Table 2. W
denotes the matrix defined by the column set (s) of the unitary
matrix W, formed by Householder reflections, where W, =I-
2u,u,7/u Fu where1is the 4x4 identity matrix and the vector
u,, is given by Table 2.

The remaining 48 precoders are the set of all possible
precoders of the form:

i

(L +faf?)

o 0
_ Wiy +aWig

wherej=1,j={2,3,4}. We can choose a fixed value for o (e.g.,
a equal to 0.8).

In an embodiment, the UE can first choose the best Release
8 precoder within the existing set of 16 rank-1 precoders
v=W, 1, i={0,1,..., 15}, and then can determine if this best
Release 8 precoder (with codebook index 1) can be improved
by linear combination with any one of the column vectors
(scaled by o) W,®, W, and W, . With this codebook
structure, the UE processing can be simplified into two steps:



US 9,401,749 B2

15

Step 1. UE selects the best W **” from a set of 16 candidates

Step 2. UE selects the best W,% from the set of {0, W,
W,® W, @) where 0is the null vector conditioned on already
selected best W, from Step 1.

Accordingly, the UE is able to select the pair (W,™, W)
based on evaluating an SINR (or CQI) metric over atotal of 19
candidates (as opposed to 16 candidates in Release 8 for
rank-1 feedback). The last three candidates are linear combi-
nations of Release 8 rank-1 precoding vectors that depend on
the selected W,(*.

The four candidates in Step 1 and Step 2 above can be
written as:

1

1 az
1 2 3 4
v [W;( )’ W;( )’ VV‘-( ) VV‘-( )]

w—— 1 o wmw,
bt AR (L+a)?| as

ayq

W

where only one o= for exactly one value of j such that
2=<j=4 and equal to zero otherwise. The precoding vector v,
complies with the W, W,, product form where W, can corre-
spond to wideband PMI and W, can correspond to subband
PMI.

Alternatively, the precoding vector obtained by linear
extension can be decomposed as:

a
=W w,
as

(1) 2) 3) )
v = L ————[W", w®, w, W
Wl

a4

W2

such that W,=I.
There are two alternatives for selecting a.
Alternative 1: Fixed o

The optimal value for o can be determined based on system
simulations. For example, a value of a=0.8 can be used.

Alternative 2: Variable a

For this alternative, larger codebooks must be considered.
For example, the codebook can be expanded by increasing the
alphabet for a from the single value of 0.8 to a set of values
such as 0€{-0.8, 0.8}. In general, if the size of the allowed
alphabet for a is K, the size of the codebook is given by
16-(1+3K), and the number of candidate precoders that must
be evaluated by the UE is 16+3K.

Rank-2 Codebook (First Embodiment)

In one embodiment, the existing rank-2 codebook in Table
2 for four Tx antennas is specified in the column for v=2
layers of Table 2. The codebook consists of a total of sixteen
4x2 matrices. For rank-2 transmissions, the size of this code-
book is expanded from 16 to 48 in the following manner.

To begin, the 16 rank-2 codebooks from Table 2 are
included. The following three 4x4 permutation matrices can
then be defined. The first of these permutation matrices P, is
the identity matrix. The second permutation matrix P,
exchanges the second and third columns and is given by:
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P, =

o O O
o -, O O
oD = O
-0 O O

The third permutation matrix P, exchanges the second and
fourth columns and is given by

P =

o o O
-0 O O
[ B - E -]
o D = O

W, , can denote the rank-2 precoding matrix corresponding
to the codebook index i in Table 2. With the above permuta-
tion matrices, the Release-8 rank-2 codebook in Table 2 can
be expressed as

where the unitary matrix W, is W,=I1-2u,u, “/u,"u,, where 1
is the 4x4 identity matrix and the vector u,, is given by Table
2, and m (0 is given in Table 4:

m(i)

Nel-CREN e R I N A N =
w

S I NS T e N R S R T e S i N R W R S e

The codebook from 16 to 48 can be extended by defining

10
W, W, P, 0! 71
i2 = Winod(i,16) * Pmgmodi,16) * :
a 0
V2L + o)
0 «
i={l6,17,... ,31}
and
10
W, W, P, 01 71
12 = Winod(i,16) * Pm(modi,16) * .
0 «
V2L + o)
a 0

i={32,17,... .47}



US 9,401,749 B2

17
In the enhanced codebook, the triplet (W, ,, W, 4.,
W, ,32) where =0, 2, . . ., 15 corresponds to the original

codebook and its linear extensions (e.g., (W 5, W64, W3, 5)
is one triplet where Wi and W, 2 are linear extensions of
W0,2)~

Similar to the rank-1 case, the UE can first choose the best
Release 8 precoder within the existing set of 16 rank-2 pre-
coders W, ,=,i={0, 1, ..., 15}, and then can determine if this
best Release 8 precoder (with codebook index 1) can be
improved by linear combinations with the unused column
vectors (scaled by o) of W,. With this method, the UE may
only need to evaluate a total of 18 rank-2 candidate precoders
which includes first selecting a precoder from the set of 16
existing Release 8 rank-2 precoders W, ,=,i={0, 1, . .., 15},
and then selecting from two linear combination rank-2 pre-
coders that depend on the selected W, .

Rank-2 Codebook (Second Embodiment)

In another embodiment, the existing rank-2 codebook for
four Tx antennas is specified in the column for v=2 layers of
Table 2. The codebook consists of a total of sixteen 4x2
matrices. For rank-2 transmissions, the size of the codebook
is expanded from 16 to 48 in the following manner. Each of
the rank 2 codebooks in Table 2 can be represented in the
following manner:

Bii Bz
Wiz =W, - ﬁ".z'l ﬂ.l'z L i={0,1,... , 15},
’ ﬁlS,l ﬁll,Z \/7
By Bin

where W, , denotes the rank two precoding matrix corre-
sponding to codebook index i in Table 2, and the vectors f. ;’
and B.," also depend on the codebook index i. The unitary
matrix W, is W, =I-2u,u,/u,%u, where I is the 4x4 identity
matrix and the vector u,, is given by Table 2. The vectors . ,’
and .’ for all i are defined in the Table 5 below.

TABLE §

Vectors _,” and B, for Release 8 codebook

i=  Bur Ba,r’ B3’ Ba’ 1o’ B’ %3 a2’
0 1 0 0 0 0 0 0 1
1 1 0 0 0 0 1 0 0
2 1 0 0 0 0 1 0 0
3 1 0 0 0 0 1 0 0
4 1 0 0 0 0 0 0 1
5 1 0 0 0 0 0 0 1
6 1 0 0 0 0 0 1 0
7 1 0 0 0 0 0 1 0
8 1 0 0 0 0 1 0 0
9 1 0 0 0 0 0 0 1
10 1 0 0 0 0 0 1 0
11 1 0 0 0 0 0 1 0
12 1 0 0 0 0 1 0 0
13 1 0 0 0 0 0 1 0
14 1 0 0 0 0 0 1 0
15 1 0 0 0 0 1 0 0
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In order to extend the rank-2 codebook to size 48, the
following additional pre-coding matrices may be used:

By Bia
W W ﬁg,l ﬁil,z 1
1,2 = YWmod(i,16) * i ; T r—
By Pz A 201+ o]?)
By Bin
i={16,17, ... ,47)
where a=0.8, and f. ;" and B.,’ for ie{16, 17, .. ., 47} are
defined in Table 6:
TABLE 6

Vectors B * and B 5 for the Enhanced codebook

HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH
e I e I e e Y o I o B o B o B e O e O e O e Y o B Y o B B e O e T e JY o I o R o R o B e e e e Y o Y o I o Y o e
~ R R, R R R —,RRRR LR P00~ 0000000~ ~~O
R, R~ OR ~,—,OORRROO—~ O~ —RO——RRO0O0R
CO 0000 ROO0OO—R—~0O0O0O—RRRRRR~RRR~—RRR —

In the enhanced codebook, the triplet is, (W, 5, W,y 6.,
W, .,35,) where i'=0, 2, . . ., 15 corresponds to the original
codebook and its linear extensions (e.g., (W 5, W65, W3, 5)
is one triplet where W ¢ , and W, , are linear extensions of
Wo,2).

Similar to the rank-1 case the UE can first choose the best
Release 8 precoder within the existing set of 16 rank-2 pre-
coders W, ,=,i={0, 1, .. ., 15}, and then can determine if this
best Release 8 precoder (with codebook index 1) can be
improved by linear combinations with the unused column
vectors (scaled by o) of W,. With this method, the UE may
only need to evaluate a total of 18 rank-2 precoders, 16
existing Release 8 rank-2 precoders=, i={0, 1, ..., 15}, and
two linear combination rank-2 precoders that depend on the
selected W, ,.

Simulation Results

An MU-MIMO system simulation with K=10 users, M=4
Tx antennas and N=1 receive antennawas performed. A max-
rate scheduler that selects up to M users based on Greedy User
Selection (GUS) approach was used.
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FIG. 6 shows the mean sum rate for the enhanced codebook
for different values of o at SNR=20 dB.

FIG. 7 shows mean sum rate versus SNR for both the
Release 8 codebook and the enhanced 4-Tx codebook with
a=0.8. In other words, there is no feedback for o (Approach
2). The codebook enhancement outperforms Release 8 code-
book. At20 dB SNR, the improvement is about 42.8% or 1.43
b/s/Hz.

FIG. 8 shows three embodiments where c. is quantized to a
finite alphabet. In the first embodiment 7(a), o can take on
values from the set {-0.8, 0, 0.8}. In the second embodiment
7(b), a can take on values from two 4-PSK consetallations
with amplitudes 0.6 and 0.9. In addition to O, there arethere-
fore 8 values that o can take. In the third embodiment 7(c), o
can take on values from two 8-PSK constellations with ampli-
tudes r; and r,.

At least a partial representation of the first component
matrix (V) can be a first index (i,). At least a partial repre-
sentation of the second component matrix (V,) can be a
second index (i,). At least a partial representation of o can be
a third index (i). The first index (i, ) and the second index (i,)
may be a complete representation of the precoding matrix (U)
when a is selected from a set comprising a pre-determined
value (e.g., 0.8) and zero. The second index (i,) can be used to
indicate the O-valued state for o.

Alternatively, a single joint index (j,) can be used to rep-
resent V,; and V,. In one embodiment, the UE 110 is config-
ured with a CSI process for generating CSI feedback. The CSI
process is associated with the generation of one set of CSI
which can include PMI, R1, and/or CQI, based on an associ-
ated one or more CSI-RS resource(s) (for which the UE
assumes non-zero transmission power for the CSI-RS) and
one or more interference measurement resource. The PMI
may correspond to the first index (i,), the second index (i,),
third index (i,) or the joint index (j,). The CSI-RS antenna
ports corresponding to the CSI-RS resource(s) is associated
to one or more antenna elements of an antenna array. The UE
110 may determine the RI, CQ], the first index (i, ), the second
index (i,) and third index (i5) based on the CSI-RS received
on the CSI-RS antenna ports corresponding to the CSI-RS
resource(s) associated with the CSI process. The PMI and
thus the first index (i, ), the second index (i,) and third index
(i;) are conditioned on the most recent RI. The CQI is condi-
tioned on the most recent PMI. The UE 110 may be config-
ured with periodic CSI reporting. The UE may be configured
with two reporting instances (first and second reporting
instance) each with its own periodicities (first and second
periodicity) for reporting on a set of CSI comprising CQI/
PMI/RI. The first reporting instance may be in a first uplink
subframe and the second reporting instance may be in a
second uplink subframe. The first uplink subframe and the
second uplink subframe can occur at different times. The first
and second periodicities may be different.

In one example, the UE may be configured for wideband
CQl/wideband PMI periodic reporting. In one mode of opera-
tion, the UE may transmit a first CSI report including RI and
a first PMI, the first PMI being a representation of the first
index (i, ), on the first reporting instances with the first peri-
odicity. The RI and the first PMI may be separately encoded
(e.g. mapped to different set of bits in a message) or jointly
encoded. In some cases, the first index (i;) may be sub-
sampled (i.e., only certain specified values or a subset of the
possible values are available to select from) to fit within the
available number of bits for the first CSI report. The UE 110
may transmit a second CSI report including the wideband
CQI and second PM], the second PMI being a representation
of the second index (i,), on the second reporting instances
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with the second periodicity. The wideband CQI and the sec-
ond PMI may be separately or jointly encoded. Alternatively,
the UE 110 may transmit a second CSI report including the
wideband CQI and second PMI (the second PMI being a
representation of the second index (i,)), and third PMI (the
third PMI being a representation of the third index (i5)), on the
second reporting instances with the second periodicity. The
wideband CQI, second PMI and the third PMI may be sepa-
rately or jointly encoded. In some cases, the first codebook
index (i,) and/or the second codebook index (i,) may be
sub-sampled (i.e., only certain specified values or a subset of
the possible values are available to select from) to fit within
the available number of bits for the second CSI report.

In another configured mode of operation, the UE may
transmit a first CSI report including RI and a first PMI, the
first PMI being a representation of the first index (i,) and the
third index (i), on the first reporting instances with the first
periodicity. The RI and the first PMI may be separately
encoded (e.g. mapped to different set of bits in a message) or
jointly encoded. In some cases, the first index (i,) and/or the
third index (i;) may be sub-sampled (i.e., only certain speci-
fied values or a subset of the possible values are available to
select from) to fit within the available number of bits for the
first CSIreport. The UE 110 may transmit a second CSI report
including the wideband CQI and second PMI, the second PMI
being a representation of the second index (i,), on the second
reporting instances with the second periodicity. The wide-
band CQI and the second PMI may be separately or jointly
encoded. In some cases, the second index (i) may be sub-
sampled (i.e., only certain specified values or a subset of the
possible values are available to select from) to fit within the
available number of bits for the second CSI report.

In another mode of operation, the UE may transmit a first
CSI report including RI on the first reporting instances with
the first periodicity. The UE 110 may transmit a second CSI
report including the wideband CQI and PMI, the PMI being a
representation of the first index (i, ), the second index (i,), and
the third index (i), on the second reporting instances with the
second periodicity. The wideband CQI and the PMI may be
separately or jointly encoded. In some cases, the first index
(i,), the second index (i,), and/or the third index (i;) may be
sub-sampled (i.e., only certain specified values or a subset of
the possible values are available to select from) to fit within
the available number of bits for the second CSI report. In one
embodiment, the UE 110 may be signaled an operation mode
from a set of modes (including one or more modes described
above) by the eNB 120. The different modes can exploit
different feedback rates described and tradeoff the subsam-
pling impacts of the codebook index or indices and provide
mechanisms to minimize the uplink overhead for CSI feed-
back.

In another example, the UE may be configured for suband
CQL/PMI periodic reporting. In one mode of operation, the
UE may determine a Precoder Type Indicator (PTI) and trans-
mit a first CSI report including RI and the PTT on the first
reporting instances with the first periodicity. The RI and the
PTI may be separately or jointly encoded. The UE 110 uses
the PTI to indicate the contents of the CSI reports on the
second reporting instances with the second periodicity until
the next RI+PTI report. If the most recent transmitted PTI is
set to ‘0” (first state) or ‘2’ (third state), the UE 110 transmits
a second CSI report on a subset of the second reporting
instances with a third periodicity (e.g., third
periodicity=k*second periodicity, k being an integer). If the
most recent transmitted PTTis setto “0°, the second CSIreport
includes a first PMI, the first PMI being a representation of the
first index (i, ).
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If the most recent transmitted PTT is set to ‘2, the second
CSI report includes a second PMI, the second PMI being a
representation of the third index (i3). Between every two
consecutive first/second PMI reports on the second reporting
instances with the second periodicity, the UE 110 transmits a
third CSI report including a wideband CQI and a third PMI
assuming transmission on a wideband channel bandwidth,
the third PMI being a representation of the second index (i2).
In case of CSI report collision due to the UE configured with
multiple carriers (carrier aggregation) or multiple serving
cells, the UE transmits a CSI report of only one serving cell
with the CSI report including only the representation of the
first index (il) or representation of the third index (i3) have
higher priority than other CSI reports including at least CQI
which are dropped.

If the most recent transmitted PTI is set to ‘1’ (second
state), the UE 110 transmits the second CSI report on a subset
of the second reporting instances with a fourth periodicity
(e.g., fourth periodicity=m*second periodicity, m being an
integer), the second CSI report including the wideband CQI
and the third PMI, the third PMI being a representation of the
second index (i2) assuming transmission on a wideband
channel bandwidth. The fourth periodicity can be different
than the third periodicity. Between every two consecutive
wideband CQl/wideband third PMI reports on the second
reporting instances with the second periodicity, the UE 110
transmits a fourth CSI report including a subband CQI and a
fourth PMI assuming transmission on a subband channel
bandwidth, the fourth PMI being a representation of the sec-
ond index (i2). Thus, with the use of PT1, in scenarios where
first index (i1) and third index (i3) are not changing, subband
feedback of the second index (i2) and associated CQI can be
achieved which can improve UE throughput performance.

In an alternate example, if the most recent transmitted PTI
is set to ‘0’ (first state) the UE 110 transmits a second CSI
report on a subset of the second reporting instances with a
third periodicity (e.g., third periodicity=k*second periodic-
ity, k being an integer). The second CSI report includes a first
PMI and a second PM], the first PMI being a representation of
the firstindex (il), and the second PMI being a representation
of the third index (i3). Between every two consecutive first
and second PMI reports on the second reporting instances
with the second periodicity, the UE 110 transmits a third CSI
report including a wideband CQI and a third PMI assuming
transmission on a wideband channel, the third PMI being a
representation of the second index (i2). The UE 110 behavior
if the most recent transmitted PTT is set to ‘1 (second state),
is the same as described in the previous mode of the operation
above. In case of CSI report collision due to UE configured
with multiple carriers (carrier aggregation) or multiple serv-
ing cells, the UE transmits a CSI report of only one serving
cell with the CSI report including the representation of the
first index (il) and the representation of the third index (i3)
have higher priority that other CSI reports including at least
CQI which are dropped.

FIG. 9 is a flowchart illustrating the operation of the UE
110 (FIG. 1) according to an embodiment. At 910, the flow-
chart begins. At 920, the UE 110 receives a pilot signal such
as a CSI-RS (described above) or Cell-specific Reference
Signal (CRS) from the eNB 120 (FIG. 1).

At 930, the UE 110 determines the precoding matrix as a

linear combination of w:=(v,+av,)/V 1+lal* as noted above
with respect to Equation 5 and the many example implemen-
tations following it. The UE 110 can also transmit a first CSI
report including at least the representation of at least a portion
of'the precoding matrix (U) in an uplink subframe. At 940, the
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UE 110 transmits the representation of at least a portion of the
precoding matrix (U) (e.g., as shown in FIG. 8 and the accom-
panying description) an uplink subframe over one of a Physi-
cal Uplink Shared Channel (PUSCH) and a Physical Uplink
Control Channel (PUCCH). The UE 110 can also transmit
CS]I, which can include one or more of V1, V2 and a.. At 950,
the flowchart ends.

The methods of this disclosure may be implemented on a
programmed processor. However, the controllers, flowcharts,
and modules may also be implemented on a general purpose
or special purpose computer, a programmed microprocessor
or microcontroller and peripheral integrated circuit elements,
an integrated circuit, a hardware electronic or logic circuit
such as a discrete element circuit, a programmable logic
device, or the like. In general, any device on which resides a
finite state machine capable of implementing the flowcharts
shown in the figures may be used to implement the processor
functions of this disclosure.

Although not required, embodiments can be implemented
using computer-executable instructions, such as program
modules, being executed by an electronic device, such as a
general purpose computer. Generally, program modules can
include routine programs, objects, components, data struc-
tures, and other program modules that perform particular
tasks or implement particular abstract data types. The pro-
gram modules may be software-based and/or may be hard-
ware-based. For example, the program modules may be
stored on computer readable storage media, such as hardware
discs, flash drives, optical drives, solid state drives, CD-ROM
media, thumb drives, and other computer readable storage
media that provide non-transitory storage aside from a tran-
sitory propagating signal. Moreover, embodiments may be
practiced in network computing environments with many
types of computer system configurations, including personal
computers, hand-held devices, multi-processor systems,
microprocessor-based or programmable consumer electron-
ics, network personal computers, minicomputers, mainframe
computers, and other computing environments.

While this disclosure has been described with specific
embodiments thereof, it is evident that many alternatives,
modifications, and variations will be apparent to those skilled
in the art. For example, various components of the embodi-
ments may be interchanged, added, or substituted in the other
embodiments. Also, all of the elements of each figure are not
necessary for operation of the disclosed embodiments. For
example, one of ordinary skill in the art of the disclosed
embodiments would be enabled to make and use the teachings
of the disclosure by simply employing the elements of the
independent claims. Accordingly, the embodiments of the
disclosure as set forth herein are intended to be illustrative,
not limiting. Various changes may be made without departing
from the spirit and scope of the disclosure.

In this disclosure, relational terms such as “first,” “second,”
and the like may be used solely to distinguish one entity or
action from another entity or action without necessarily
requiring or implying any actual such relationship or order
between such entities or actions. The phrase “at least one of”
followed by a list is defined to mean at least one of, but not
necessarily all of, the elements in the list. The terms “com-
prises,” “comprising,” or any other variation thereof, are
intended to cover a non-exclusive inclusion, such that a pro-
cess, method, article, or apparatus that comprises a list of
elements does not include only those elements but may
include other elements not expressly listed or inherent to such
process, method, article, or apparatus. An element proceeded
by “a,” “an,” or the like does not, without more constraints,
preclude the existence of additional identical elements in the
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process, method, article, or apparatus that comprises the ele-
ment. Also, the term “another” is defined as at least a second
or more. The terms “including,” “having,” and the like, as
used herein, are defined as “comprising.”

We claim:

1. A method in a wireless terminal comprising:

receiving a pilot signal from a base station;

determining a precoding matrix as a linear combination of

two matrices V, and V,; based on the received pilot
signal,

wherein the two matrices of V, and V, are sub-matrices of

a matrix U of a codebook, the linear combination is
w=(V,+aV,)W(1+lal*) and o is one of the real-valued
number and a complex-valued number; and
transmitting a representation of at least a portion of the
determined precoding matrix to the base station.
2. The method of claim 1 wherein, V, and V, are distinct
columns of U.
3. The method of claim 1, wherein a is a predetermined
value.
4. The method of claim 1, wherein a column of matrix U is
a null vector.
5. The method of claim 1, wherein transmitting the repre-
sentation of at least a portion of the determined precoding
matrix comprises transmitting, by the wireless terminal, a
channel state information report.
6. The method of claim 5,
wherein the channel state information report includes one
or more of rank indication and channel quality indica-
tion information for one or more spatial layers, and

wherein the channel quality indication for one or more
spatial layers is conditioned on the determined precod-
ing matrix.

7. The method of claim 1, wherein transmitting the repre-
sentation of at least a portion of the determined precoding
matrix compromises:

transmitting, by the wireless terminal, a first channel state

information report including at least a representation of
V, in a first uplink subframe, and a second channel state
information report including at least a representation of
V, in a second uplink subframe.

8. The method of claim 7, wherein transmitting the repre-
sentation of at least a portion of the determined precoding
matrix comprises: transmitting, by the wireless terminal, a
representation of a in one of the first channel information
report or the second channel state information report.

9. The method of claim 7, wherein the first uplink subframe
occurs at a different time from the second uplink subframe.
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10. The method of claim 7, wherein the first channel state
information report and the second channel state information
report are transmitted periodically.

11. The method of claim 10, wherein the first and second
channel state information reports are transmitted with difter-
ent periodicities.

12. The method of claim 1, wherein transmitting the rep-
resentation of at least a portion of the determined precoding
matrix comprises:

transmitting, by the wireless terminal, a representation of

a.

13. The method of claim 1, wherein transmitting the rep-
resentation of at least a portion of the determined precoding
matrix comprises:

transmitting, by the wireless terminal, the representation of

the precoding matrix over one of a Physical Uplink
Shared Channel and a Physical Uplink Control Channel.

14. The method of claim 1, wherein the pilot signal is a
channel state information reference signal.

15. The method of claim 14, further comprising receiving
a configuration signal indicating one or more of a number of
antenna ports, a periodicity and a subframe offset applicable
to the channel state information reference signal.

16. The method of claim 1, wherein the pilot signal is a
cell-specific reference signal.

17. The method of claim 1, wherein U is a 4x4 unitary
matrix obtained from Householder reflection, U=I-2rr",
where is a unit vector and r? is the Hermitian-conjugate ofr.

18. The method of claim 1 further comprising:

determining V, that maximizes a first matrix based on the

pilot signal;

determining V, based on V, and the pilot signal.

19. The method of claim 18 wherein determining V, based
on V; and the pilot signal further comprising selecting V,
from a first set candidates, the set of candidates being deter-
mined by V.

20. A wireless terminal comprising:

a plurality of antennas configured to receiving a pilot signal

from a base station;

a controller configured to determine a precoding matrix as

a linear combination of two matrices V| and V,; based
on the received pilot signal,

wherein the two matrices V; and V, are sub-matrices of a

matrix U of a codebook, the linear combination is u:=

(V,+a V)V 1+lal* and o is one of the real-valued num-
ber and a complex-valued number; and

a transceiver configured to transmit a representation of at
least a portion of the determined precoding matrix to the
base station.



